Abstract-In this paper a novel wide-band propagation channel measurement system with high dynamic range and sensitivity is introduced. The system enables the user to characterize signal propagation through a medium over a very wide frequency band with fine spectral resolution (as low as 3 Hz) by measuring the attenuation and phase characteristics of the medium. This system also allows for the study of temporal, spectral and spatial decorrelation. The high fidelity data gathered with this system can also be utilized to develop empirical models or used as a validation tool for physics based propagation models which simulate the behavior of radio waves in different environments such as forests, urban areas or indoor environments. The mobility and flexibility of the system allows for site specific measurements in various propagation scenarios.
I. INTRODUCTION
I N order to assess the performance of any communication system it is necessary to characterize the communication channel. Channel characterization can be done in two ways: experimentally and by computer simulation. Some of the more commonly used attenuation models are heuristic, based on measured data [1] , [2] , and in some cases overly simplified electromagnetic formulations [3] , with little correlation to the physics of the problem. Thus, while simple to implement, these models lack the desired accuracy and generality.
In recent years significant efforts have been devoted towards the development of physics-based electromagnetic (EM) models, which apply analytic and numeric techniques for channel modeling [4] - [13] . These models allow for characterization of the communications channel to a high degree of fidelity, and are able to simulate varied propagation environments, including the polarimetric aspects of the channel.
Despite significant progress in this area, experimental characterization of a communications channel is still necessary for gaining insight into the mechanisms of wave propagation as well as for the validation of computer models. Past experimental work on channel characterization has been carried out often over limited bandwidths [14] - [19] , and at times for specific systems such as AMPS and PCS wireless communication systems [20] . In these experimental efforts, limited channel characteristics such as path loss and fading statistics have been determined. Although channel characterization over a narrow bandwidth is straight forward, measurements over a wider bandwidth, and coherently, is significantly more complex. Basically, the problem stems from the fact that coherent receivers with a wide bandwidth allow significant noise power to enter the receiver, which limits the system's dynamic range. Measurement systems employing a single vector network analyzer (VNA) have been proposed for indoor channel characterization efforts [21] - [24] . With this approach, coherent, wideband, propagation measurements can be performed over relatively short distances. To maintain coherence, the signal generated by the network analyzer is relayed to the distant transmitter via long RF cables or optical links [24] . While this approach performs well in an indoor setting, it is impractical for an outdoor setting where multiple sites need to be accessed, often behind significant foliage. To circumvent this problem a novel approach, based on a stepped frequency technique is developed. The system uses two VNAs, one as a transmitter and one as a receiver and is synchronized in frequency step by using two rubidium atomic clocks. The sensitivity of the receiver is determined by the intermediate frequency (IF) filter internal to the VNA which can be set a low as 3 Hz. The combination of the narrowband IF filter and the synchronized frequency sweep allows for a highly sensitive measurement system, and operation over a very wide bandwidth, in principle limited by the antennas and the specific VNAs used. In Section II, the design and operating principles of the system will be discussed, while in Section III results from a measurement campaign, conducted at the Lakehurst Naval Air Station, in Lakehurst, NJ, are presented and analyzed, including techniques used for post processing the data and extracting the attenuation characteristics of the channel, as well as its frequency decorrelation.
II. WIDE-BAND MEASUREMENT SYSTEM
A VNA is a microwave measurement instrument capable of measuring both the amplitude and phase of the reflection and/or transmission coefficients of the device under test (DUT). In addition to different processing and calibration units, any VNA has a microwave signal generator, which can be either in the form of an analog sweeper or a synthesized source, and a number of built in, high performance vector receivers capable of measuring both the amplitude and phase of the input signal. The microwave sweeper allows for rapid acquisition of the signal in broadband measurements, and also provides a constant output power over the entire frequency band. For accurate phase measurements, the receiver uses a phase lock loop (PLL) and either an internal or an external source as a reference signal for the PLL. Most VNAs such as the HP8753D or HP8720D have the option to use an external continuous wave (CW) reference (usually a 10 MHz sinusoidal wave). This allows the user to select a highly stable CW signal as a frequency reference, in order to achieve high accuracy.
A communication channel can be viewed as a two port passive device with input and output ports located at the transmitter and receiver, respectively. The advantage of using a VNA as the transceiver is its stepped frequency mode of operation, and its inherent ability to sweep over a wide frequency band (50 MHz-20 GHz for an HP8720D) while maintaining a high receiver sensitivity. To maximize receiver sensitivity the receiver bandwidth (IF filter) can be set as low as 3 Hz while sweeping through a wide frequency band. This allows for coherent measurements (magnitude and phase) of very weak signals over a wide dynamic range. Unlike most two port devices however, the ports of this system are distant from each other and in order to perform transmission measurements it is necessary to employ two VNAs, one as a transmitter (Tx) and one as a receiver (Rx). In addition, amplifiers, antennas, filters and data acquisition systems are also needed. The difficulty of this type of disconnected system is in providing a common, stable reference to the PLLs of both VNAs, and also in synchronizing their respective frequency sweeps. Both of these difficulties are solved by using two identical, highly-stable, and synchronized Rubidium Atomic Clocks (RbAC) [25] . Synchronization of the time references of these atomic clocks is accomplished by simply connecting the time reference output of one to the time reference input of another, and once synchronized they each provide what is essentially a common, and highly stable 1 pulse per second (pps) system clock (which synchronizes the respective frequency sweeps). In addition, the RbACs also provide an ultralow noise 10 MHz highly accurate and stable frequency standard which disciplines an ovenized oscillator to a hyperfine transition in the ground state of rubidium. This 10 MHz CW reference is used as the reference for the VNA PLLs. The short term and long term stability of these atomic clocks are, respectively, sec and . In order to measure the channel response correctly, both the transmitter and the receiver must synchronously sweep through the frequency band, with the allowed timing error within the dB bandwidth of the receiver IF filter, around the frequency being measured. For large propagation delays, which cause a timing error outside this allowed range, a delay can be introduced in the timing of the receiver RbAC, to account for this. This delay is controlled by the serial port line to the data acquisition computer, shown in the system block diagram in Fig. 1 . In results shown later however, distances of up to 1.1 km were measured without a need for any timing adjustments to the receiver clock. The atomic clocks could be used to trigger each sweep through the frequency band and the VNAs allowed to then independently sweep through the band. There is however, sufficient difference in the nominal sweep times of each independent VNA, even when set to be identical, to cause the system to loose synchronization. Therefore the atomic clocks are used to trigger a function generator, which sends a burst of TTL compatible pulses to the VNA and with each pulse moves the VNA, step by step, through each discrete frequency point to be measured in the band. This is accomplished by operating the VNAs in the "External Trigger On Point" mode. In this mode an external trigger is required, at the "EXT TRIG" input of the VNAs, to step the network analyzers through each discrete frequency point in the measurement band. This can be seen in Fig. 1 , which shows a block diagram of the measurement system. To implement this for both the Tx and Rx VNAs, and referring to Fig. 1 , the 1 pps output of the rubidium atomic clock is used as a system clock, which is then fed to a digital counter that creates a time reference (in this case, by dividing it by 16) which is used to set the period of the frequency sweep (16 s). The 1 pps time reference from RbAC in turn signals a function generator to send a burst of trigger pulses to the "EXT TRIG" port of the VNA with the rate of pulse per second (where is the total number of frequency points). Thus, a frequency sweep is performed in seconds. The sweep can be performed over a continuous frequency band, or the VNAs can be programmed to operate at discrete sub-bands, with non-uniform frequency sampling. This is particularly useful for conducting measurements in places where transmission over certain frequency bands or at certain frequencies with in the measurement band are not allowed, for example near or within airports, military bases, etc. Fig. 2 shows the flowchart of the system operation. To summarize system set-up and operation, and referring to Fig. 2 , the first step is to synchronize the 1 pps outputs of the transmitter and receivers of the RbACs so that the Tx/Rx time references are the same. This can be done simply by feeding the 1 pps output of one of the clocks to the synchronization input of the other one [25] . Every 16 s the function generator receives a trigger signal from the digital counter and sends a burst of pulses (TTL compatible) to the VNA with the rate of pps. These are the trigger signals, denoted "trigger" in Fig. 2 , which causes the transmitter VNA to start stepping through the desired frequency band. The same thing happens simultaneously at the receiver end, except that the receiver VNA begins to receive the signal that has been transmitted by the Tx VNA. After each frequency sweep the Tx/Rx computers acquire the measured data for post processing. In order to ensure that a new sweep does not begin while this data acquisition (DAQ in Fig. 2 ) is in progress, both VNAs are operated in single sweep, as opposed to continuous sweep, modes. This mode requires that each VNA be armed by the DAQ computer, before they will accept any trigger signal for a frequency sweep, thereby allowing the DAQ computer to hold the measurement cycle, while DAQ is in progress.
A. Calibration, and Operation
The received signal power can be obtained using the modified Friis transmission formula (1) where , and , are the transmitted power, and the antenna gains of the transmitter and receiver, respectively, is the free space loss and is the additional path loss in the channel. The noise power at the input of the receiver VNA is calculated using: (2) where is Boltzman's constant, is the IF bandwidth of the VNA that can be set by the user. For the case of HP8753D this bandwidth can vary from 3 to 3.7 kHz. In (2) , is the equivalent noise temperature of the system including the antenna noise temperature. A desired received signal-to-noise ratio, defined as , determines system compatibility in the path loss measurements. For most practical purposes a of 15 dB is sufficient for accurately determining the statistical behavior of the channel. Referring to (2), noise power is effected by both the system bandwidth, set by the IF bandwidth of the receiver, and by the equivalent noise temperature, , which is usually determined by the noise figure (NF), of the first receiver amplifier, or pre-amplifier. Therefore, the system can be significantly reduced by reducing the IF bandwidth of the receiver VNA, but as a result of this the sweep time and the overall measurement time is increased. Hence, depending on the output power, distance, expected path loss etc., there is tradeoff between the IF bandwidth, sweep time, which determines the speed at which measurements can be taken, and the desired . Taking this into account, the IF bandwidth for the system was set to 3 kHz. This in combination with a low-noise pre-amplifier (LNA), with a NF of 1.5 dB and a gain of 27 dB, resulted in a noise floor for the receiver of dBm. In addition, due to the long distances over which this measurement system will be applied, high power radio frequency (RF) amplifiers were used to amplify the transmitted signal.
To perform measurements over a wide frequency band, it is necessary to use either a very wide-band antenna, or to use different antennas for measuring different sub-bands. The gain and radiation characteristics of the antenna(s) used in the system as well as the frequency responses of the power amplifier, LNA and cables used, should be measured over the entire frequency band so that their effect can be calibrated out. Two different methods for calibration of the system are used. In the first method all of the system components' (cables, amplifiers, etc.), gains and losses are characterized individually using the VNA and then effects are accounted for in the calibration process. In the second method, which is illustrated in Fig. 3 , the output of the power amplifier is connected to the input of the LNA via a high power calibrated attenuator and the overall transmission coefficient , without the interlying propagation medium, is determined. In this approach all components except the antennas, are characterized and the method has the advantage of calibrating out the effects of connector losses and mismatches. The antennas used in this system are calibrated standard gain antennas with linear polarization and relatively low gains (wide beam). As is true for most wide-band antennas the location of the phase center of the antenna changes with frequency but the change is less than the extent of the antenna structure. This dispersive behavior of the antenna can cause spectral decorrelation to some extent but it is much lower than what is caused by the channel, and can therefore be ignored.
III. MEASUREMENT CAMPAIGN AT LAKEHURST
In this section a measurements campaign, using the coherent propagation measurement system and conducted at the Lakehurst Navel Air Station, Lakehurst, NJ, will be described. Results will be shown, including system performance specifications, mean path loss (PL) in terms of power, and frequency coherence analysis.
A. Measurement Parameters
The measurements at Lakehurst were performed in the 30 MHz to 3 GHz range in three sub-bands, 30 to 200 MHz (defined as Band 1), 200 MHz to 1 GHz (defined as Band 2), and 1 to 3 GHz (defined as Band 3). These restricted spectrums were limited by the authorities at the Lakehurst base and shows the system's capability to operate in arbitrary sub-bands within the system bandwidth. A 10 W power amplifier, Amplifier Research (AR) model 10W1000, was used for the transmission of frequencies at and below 1 GHz, and a 30 W amplifier, AR model 30S1G3, was used for transmission in the 1 to 3 GHz band. For efficient transmission, different antennas were used in each sub-band. EMCO bowtie antennas, models 3109 (rated at 2 kW continuous wave (CW) power) and 93110B (from HP) were used for the transmit and receive antennas in Band 1, respectively. EMCO models 3148 and 93146 (also from HP) log-periodic antennas were used for Band 2, and two EMCO model 3115 horn antennas for Band 3. Due to transmission restrictions at Lakehurst, the transmissions frequencies were limited to specific frequencies and bandwidths within each sub-band. Table I lists the allowed transmission frequencies in terms of center frequency, , and bandwidth, BW, for each allowed transmission band (Note that within the ranges specified in Table I transmission frequencies were at discrete 1 MHz intervals).
B. Measurement Results
Before beginning an analysis of the measured data taken at the Lakehurst site, it is important to note the capabilities of the coherent measurement system. Fig. 4 shows an example of the dynamic range of the measurable propagation loss between the transmitter and receiver for the system, through the entire range that measurements were taken. This is essentially a measure of system sensitivity, and can be improved by further narrowing the IF bandwidth of the receiver. To determine this maximum measurable propagation loss, the receiver signal is sampled, with no transmitter signal present, and normalized to the transmitter power, i.e., Fig. 4 shows the receiver noise power (including the LNA pre-amplifier), referenced to the transmitter power when the IF bandwidth of the receiver VNA is set at 3 kHz. Fig. 4 is normalized, assuming a transmitter power of 10 W. In Fig. 4 , data was taken at each frequency point in the measurement band. The change in power levels observed across the band are typical of noise power fluctuations in a measurement system. The dashed line in the figure is a best fit curve, which is provided as a reference. As can be seen in this figure, the dynamic range of the measurable propagation loss across the measurement band is in excess of 115 dB, for the IF band setting of 3 kHz.
For all measured results shown, the transmitter was at a fixed location, with data from two receive sites provided here. At each receiver location, approximately 100 spatial samples were taken on a line perpendicular to the line between transmitter and receiver. For each sub-band the spatial samples were taken over a range of at the lowest frequency in the sub-band, in order to capture the effects of slow fading. To capture the effects of fast fading, the sampling increments began at increments In order to isolate the effects of the forest on PL, the measured data taken at Rx2, is normalized to that taken at Rx1. Fig. 6(a) shows the measurement scenario, with Fig. 6(b) showing the PL at Rx2, referenced to that at Rx1. The received power , referenced to the transmitter power , is given by (3) where are the transmit and receive antenna gains, respectively, is the distance between transmitter and receiver, PL is the PL of the forest, and is an attenuation factor caused by the ground effect. Note that the first factor in (3) corresponds to the free space PL, as previously given. This ground effect can vary from 0 for a very rough ground, to 2, for cases of transmit and receive antennas very close to a perfectly flat earth. If and are the distances to Rx1 and Rx2 respectively, the power received at Rx2 referenced to that received at Rx1 is given by (4) where is the effects of the foliage on PL. Referring to (4), Fig. 6(b) shows the PL of Rx2, referenced to that of Rx1, or the path loss above free space, for the area in between, which consists mostly of the forested area. As can be seen in Fig. 6(b) , as frequency is increased, the path loss increase rate decreases. This bending effect, is due to the contribution of higher order scattering on the mean power. At low frequencies, the dominate contributor to the mean power is from single scattering (forward scattering, represented by Foldy's theory, [26] ). As frequency is increased, multiple scattering among leaves and branches, which decays at a lower rate than single scattering, begins to dominate the mean power, thus the bending observed in Fig. 6(b) .
C. Frequency Correlation Analysis
In the wide-band measurement system described in the previous sections, the frequencies of the phased lock loops (PLLs) of the two network analyzers are locked together but their phases are not. What this means, is that at the start of each frequency sweep, the absolute phases of the two locked local oscillators are unknown. As will be shown the difference in the absolute phase between the Tx and Rx VNAs is in the form of a linear phase shift, for each spatial sample, across the measured frequency band. This is similar to the phase shift that is caused by the propagation of the signal through free space. The 10 MHz reference signal from the RbAC signal generator can be expressed as . Where, and is the random phase of the oscillator. The VNA's synthesizer uses this reference to generate the desired frequencies in the sweep operation. The instantaneous frequency can be expressed as (5) and the instantaneous phase is . Since a linear frequency sweep as a function of time is being performed, is a linear function of time. Therefore, (5) represents a linear relation between time and frequency. This means that is a linear function of both time and frequency. Knowing the behavior of this phase response allows us to take out its effect. In order to remove these delays, a frequency correlation is first performed on each spatial sample, and then an inverse discrete Fourier transform (IDFT) is applied to transform the data in the time domain. These phase delays are mapped into the time domain as time shifts. Recognizing that the free space time shift is constant for all spatial samples, the time domain impulses are now simply shifted to a common reference, and averaging is done over the spatial samples, in the time domain. Taking the discrete Fourier transform (DFT) of this function results in the corrected frequency correlation function.
In order to demonstrate this time shift, multipath effects are ignored and the received signal for each spatial sample, is represented by (6) where is a complex amplitude function, represents the free space propagation delay, represents the frequency dependent phase characteristics of the channel (as well as phase noise caused by the PLLs, which will be discussed later in this section) and represents the phase shift caused by the relative phase differences between the PLLs of the VNAs. Calculating the frequency correlation function of (6), results in the following: (7) which, upon inserting (6) in (7), becomes (8) Taking the Fourier transform of (8) results in (9) where and represent a Fourier transform pair. The variable time delays (caused by ) can be observed in the time domain plots in Fig. 7(a) , for the upper HF-band measured ( MHz). In this figure, for measurements taken at site Rx2 (approximately 1.1 km from the transmitter, see Fig. 5 ), the raw frequency domain data was adjusted to remove the free space phase delay of 1.1 km, a frequency correlation performed, and a IDFT applied to the resulting correlation function. The free space phase delay is removed to prevent aliasing in the time domain. For these measurements, the data is sampled in frequency increments of 1 MHz, thus the alias free range of the time domain data is 300 m. By normalizing the frequency data to the free space phase delay, the alias free range is localized around the receiver. If the delay spread (in distance) between the direct and multipath signal components is less than 300 m (a valid assumption over the distances involved), the transformed data can be assumed to be alias free.
The shift in the observed peaks of the traces in Fig. 7 (a) correspond to the phase shift caused by the unknown relative phases of the PLLs. It is now a simple matter to shift each peak to a common reference, as shown for all spatial samples in Fig. 7(b) , and average the spatial samples in the time domain, as shown in Fig. 7(c) . Thus the effect of random phase shift, observed in each spatial sample, is mitigated. An FFT is then performed to obtain the desired corrected frequency correlation function and the results is presented in Fig. 7(d) .
In order to generate an accurate frequency correlation function, another factor must also be considered. This is the inherent system decorrelation that is caused by phase noise in the error signal (output) of the PLLs. Ideally, if one were to connect the transmit and receive sections of the measurement system together, gather a data set, and perform a frequency correlation, one would see a perfectly correlated channel. In practice, due to this phase noise in the PLLs, the system transfer function would not show perfect frequency correlation. To account for decorrelation caused by this system phase noise, it is recognized that the channel and system frequency correlation functions are statistically independent from one another, and therefore the correlation function of the measured signal is simply the multiplication of the correlation function of the system and that of the channel, or (10) To correct for the system decorrelation then, a calibration data set is taken by connecting the transmit and receive sections together. Equation (10) is then applied, and the measured data set simply normalized by this calibration data set. Note that this calibration for the system decorrelation has been applied to data shown Fig. 7 as well as all results which follow.
Three sets of data, each selected from HF ( MHz), VHF ( MHz), and S-band ( MHz), respectively, are used for the frequency correlation analysis. All data in this section is collected from site Rx2. Fig. 8 shows the frequency correlation functions for the three bands, overlapped for comparison. As can be observed in this plot there is a narrowing of the frequency correlation bandwidth for increased frequency. This is expected, as the dimensions of scatterers in the propagation environment (tree trunks, branches, twigs, leaves, short vegetation) become electrically larger, the random scattered field dominates, and decorrelates the received signal.
IV. CONCLUSION
In this paper a novel, ultrawide-band measurement system, for communications channel characterization was presented. The system is based on the application of two VNAs, one as a transmitter and one as a receiver, and whose frequency sweeps are synchronized by two RbAC atomic clocks. These clocks also provide an extremely stable frequency reference for the VNAs. The use of the VNAs and their ability to perform swept frequency measurements, with a narrowband IF filter allows for long distance, high sensitivity propagation measurements. For an IF bandwidth setting on the receiver NWA of 3 kHz, (it can be set as low as 3 Hz), and assuming a transmitter power of 10 W, the maximum measurable loss of the system, from 30 MHz to 3 GHz, was shown to exceed 115 dB.
This coherent system allows for measuring the attenuation and phase characteristics of the medium and studying temporal and frequency decorrelations. In order to demonstrate some of these capabilities, data was presented and analyzed from a measurements campaign at the Lakehurst Naval Air Station, in Lakehurst, NJ. It was shown that the slope of the attenuation of the mean power, caused by a forested area, tended to decrease with increased frequency, as multiple scattering effects within the forest medium began to dominate the path loss. Also frequency correlation analysis of the measured data was given. To perform this analysis, it was shown that a phase shift, caused by the phase difference in the independent PLLs in the system, must be accounted for, and a method was presented to correct for this shift. After also correcting for the inherent system decorrelation, caused by phase noise in the PLL error signal, frequency correlation data for three different sub-bands was presented, for a forested area at the Lakehurst 2154 base. It was shown that for higher frequency bands, the signal decorrelated at a faster rate, in frequency, as expected, due to the increased effect of multipath on the received signal, as the forest components become electrically larger.
